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ABSTRACT
Nowadays, the majority of people spend up to 90% of their time indoors; as a
result, the maintenance of optimal indoor climate conditions has become important for
their overall health and comfort. The main goal of this study is to predict numerically the
flow and temperature patterns and the human thermal comfort conditions in an indoor
environment using displacement ventilation.
A Computational Fluid Dynamics (CFD) code has been used to analyze thermal
comfort conditions for a full-scale ventilated room. Unstructured grids have been used to
discretize the numerical domain. Before undertaking a detailed investigation, the code
was validated by comparing the numerical results with experimental data available in the
literature. A total of thirteen cases have been modelled to study the effects of inlet air
velocity, air temperature, room walls temperature and vent location on the indoor thermal
comfort. The study has been extended to cover not only unoccupied rooms but also
occupied rooms. For the occupied rooms, different occupant configurations, namely
standing person and person sitting on a chair, have been investigated. A realistic 3-D
human model is developed to account for the complex geometry of the human body. The
interaction between the human body and its surrounding environment has been analyzed,
and its effects on thermal comfort zone have been investigated.
Two

different

human

thermal

comfort

indices,

namely

Percentage

of

Dissatisfaction (PD) and Effective Draft Temperature (EDT), have been used to predict
the extent of thermal comfort zone inside the room space.
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CHAPTER I
INTRODUCTION
1.1 BACKGROUND
Nowadays, the majority of people spend up to 90% of their time indoors; as a result, the
maintenance of optimal indoor climate conditions has become important for their overall
health and comfort Wherever artificial climates are maintained for human occupation
purposes, the primary aim is that the thermal environment be adapted so that each individual
experiences thermal comfort. Several parameters, such as air velocity, air temperature,
relative humidity and mean radiant temperature, that govern the indoor thermal comfort
conditions are important for the well being of the occupants of a room in terms of thermal
comfort. Although many parameters govern human thermal comfort, this study focuses only
on two parameters, namely air velocity and temperature.
Increased awareness of the role of the air motion on the thermal comfort had a big effect
on the direction of the research in this area. W. H. Carrier, one of the pioneers of air
conditioning systems, recognized this role with his statement' No air conditioning is better
than its air distribution.
Many earlier investigators [1,2]* have described the negative impact of poor indoor
environmental conditions on the performance of the occupants. Better indoor climate has a
direct effect on modem economy when one considers that a significant part of the gross
national product (GNP) is earned by people working in air conditioned spaces.
* This dissertation follows the AIAA Journal format.
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Before proceeding further, it would be appropriate to define human thermal comfort As
stated in an ASHRAE standard [3], thermal comfort for a person is defined as “that
condition of mind which expresses satisfaction with thermal environment.’' According
to this definition, if a group of people is subjected to the same room climate, it will not be
possible, due to biological variance, to satisfy everyone at the same time.
In this research, effects of ventilation on the indoor thermal comfort have been studied.
A number of thermal indices have been used for the description of the thermal environment
and the stress imposed by the environment [3]. In Chap. II, a more detailed discussion is
provided for some of these indices. Two types of thermal indices, namely Percentage of
Dissatisfaction (PD) and Effective Eraft temperature (EDT), have been used in this study to
map the thermal comfort zones for a variety of situations.

1.2

LITERATURE REVIEW
During the past two decades, Computational Fluid Dynamics (CFD) has become an

important tool for simulation of airflow in conditioned spaces. One of the main advantages
of CFD over other tools is its ability to simulate a wide range of configurations and
boundary conditions. It offers low-cost alternative to more expensive testing on
environmental chamber. The development of commercial versions of the CFD programs
with extensive data handling capabilities, combined with the exponential increase in
calculation power offered by inexpensive personal computers or work stations in recent
years, has further enhanced applicability of CFD to complex real life problems. Since its
introduction, CFD has been applied to a wide range of indoor airflow problems. (See
Proceedings of Roomvent 1992, 1994, 1996 and 1998 [4 - 7].)
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Computational Fluid Dynamics (CFD) was first deployed for simulation of
fundamental indoor air flow patterns shortly after the development of the first code [8]. It
was approximately ten years before CFD was used for more practical indoor airflow
problems [9]. This was largely due to limitations of computer processing power. The
validity of the applied turbulence models was confirmed for typical benchmark studies.
With the introduction of Computational Fluid Dynamics (CFD), Nielsen [8] in 1974
presented an attractive alternative to the experimental methodology to determine indoor
airflow characteristics. Computational Fluid Dynamics (CFD) opened a route to numerically
predict the indoor climate on a detailed level with high flexibility in terms o f configurations
and boundary conditions.
Encouraging results have been obtained from simulations of simplified (scaled)
models of the indoor environment. Developments in turbulence modeling and solution
techniques for calculating the flow patterns have improved the simulation process
considerably. The ever-increasing processing speed and memory now available in present
day PCs make it easier to use CFD for tackling engineering flow problems relevant to
thermal comfort in conditioned spaces. Despite these encouraging results, there are still
many uncertainties in the applied flow modelling and in the available solver algorithms
[10,11]. Validation of CFD-simulations and the quality of the model remain an intrinsic part
of the process but are often skipped because of experimental or computational restrictions.
The limited availability of validation data currently restricts the reliability of indoor
airflow simulations by CFD [9]. Full-scale validation studies of realistic indoor
configurations have not been reported in literature [12]. This is likely due to the high costs
related to undertaking full-scale experimental research and the limitations of currently

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

4

available measurement techniques [13]. The characteristics of indoor airflow (low velocity
and high turbulence intensity) and the level of accuracy required for validation place high
demands on measurement techniques.
In recent years, a number of new ventilation systems and strategies have been
introduced to improve air quality, thermal comfort and energy efficiency [9,14]. This has
changed the nature of current airflow problems. However, most CFD results that have been
presented so far are for relatively simple configurations.

1.3 PROBLEM STATEMENT
After reviewing the literature relevant to displacement ventilation, it is apparent that
the search for a CFD code that can handle a full-scale room modeling in 3D has been
vigorously pursued for the past twenty years. In the present work, a CFD code has been used
to simulate the displacement room ventilation with or without an occupant. This would
enable one to capture the interaction between the occupant and the surrounding
environment.
The main aim of this research, therefore, is to improve the knowledge of the indoor
airflow distribution for displacement ventilation. If the indoor environment can be predicted
more reliably by better-verified techniques, then it will be possible to optimize indoor air
quality, thermal comfort and energy use during the design phase.
The principal objective of the present study is to numerically predict zones of thermal
comfort, using two types of thermal comfort indices namely PD and EDT. After validation
of the code, the effects of inlet air velocity, air temperature and vent location on thermal and
velocity fields and thermal comfort zones are examined in some details for both unoccupied
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and occupied room configurations. A realistic 3-D human model is developed to account for
the complexity of the human body. The interaction between the human, both in standing and
sitting positions, and the surrounding environment is modeled numerically to analyze its
effect on thermal comfort zone.

1.3 OUTLINE OF THE STUDY
In this study the objectives mentioned in Sec. 1.2 are pursued. Detailed introduction
to room ventilation and the thermal comfort are given in Chap. n. In Chap. Ill, an
introduction to the mathematical method used in this study is given. Also a short
introduction to turbulence modeling and numerical scheme for calculating air and
temperature fields is presented. This chapter provides the theoretical and numerical
frameworks for this study.
In Chap. IV, the grid independence has been established first. Then CFD-simulations
are compared with existing experimental results to validate the CFD code. Results of
thirteen different cases studied have been presented. Eight cases for empty room and five
cases for occupied room are analyzed to show the influence of different environmental
parameters on the room displacement ventilation. The thermal comfort zones are
predicted for all thirteen cases. This chapter is concluded with a discussion of the
simulation results for all investigated cases.
The conclusions are summarized in Chap. V. This chapter also includes suggestions
for further studies.
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CHAPTER H
VENTILATION AND THERMAL COMFORT
2.1

VENTILATION
The continuous supply of fresh air or ventilation can be accomplished with or

without equipment, using outdoor air, which can be conditioned or unconditioned before it
is supplied to the room. Ventilation can be classified into three categories [15]: natural,
mechanical and air-conditioning ventilation.
Natural ventilation, realized by taking advantage of airflow through large
openings (doors and windows) or by application of grilles, is almost universally applied
in dwellings in moderate climates. Depending on geographical location, natural
ventilation can be used in office buildings up to 75 percent of the time. During the
remaining time fraction, outdoor conditions may deviate too much from thermally
comfortable conditions to allow for natural ventilation. This is typically the case during
summer heat waves or during cold winter periods.
Mechanical ventilation means that mechanical equipment (usually a fan) is used
to achieve a sufficiently large air volume flow rate through a room irrespective of
weather conditions. In other words, mechanical ventilation is used to realize a dependable
supply flow to the room throughout the entire year. A typical example is an ordinary
kitchen fan removing steam and contaminants emitted by cooking equipment. In this
example, the mechanical removal of air from the kitchen induces a supply flow of
unconditioned air from neighboring rooms or outside towards the kitchen.
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Air-conditioning is mechanical ventilation combined with (depending on actual
outdoor conditions and required indoor conditions) either heating or cooling, filtering of
dust particles and humidity control. Irrespective of outdoor conditions, a well-designed
air-conditioning system should be able to maintain good indoor air quality during the
entire year.
Thermal comfort and indoor air quality usually put conflicting constraints on airconditioning. A strong unidirectional air current through a room is expected to be very
effective in removing contaminants from the room and supplying fresh air to the
occupied zone, but the risk of thermal discomfort due to draft is high. On the other hand,
an air-conditioning induced airflow pattern of low velocity throughout the entire room
has a lower chance of causing draft problems. However, unacceptable contaminant
concentration levels due to contaminant accumulation are more likely to occur in this
situation [9].
The three major tasks of the air-conditioning equipment are cooling, heating and
ventilation. In ventilation, two different methods of air supply by the air-conditioning
equipment can be distinguished. These are mixing ventilation and displacement
ventilation.
In the case of mixing ventilation, the air is supplied to the room at relatively high
velocity, typically 1 to 2 m/s. The goal is to bring about a high degree of mixing between
supply air and room air by induction [15]. The objective of achieving good mixing is to
rapidly reduce the undertemperature of the supply air (the temperature difference
between room air and supply air) in case of cooling, to avoid the risk of draft. Mixing
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ventilation is also meant to dilute the contaminated room air with clean supply air, to
continuously keep contaminant concentrations at an acceptable level.
In the displacement ventilation mode relatively cool air (typically 1 to 3 °C below
room temperature) is supplied at low velocity (typically 0.15 to 0.3 m/s) to the room at
low altitude [9]. A reservoir of cool and clean air forms above the floor. The primary
characteristic of this type of ventilation is a sharply located horizontal interface
separating two air layers. The lower supply air reservoir layer consists of relatively clean
and cool supply air, whereas the upper air layer consists of contaminated and relatively
warm air. Heat sources (including the occupants in the room) which are at least partly
located in the lower air layer induce an upward flow of clean air into the upper air layer.
Figure 2.1 shows the two types of ventilation.

2.2

THERMAL COMFORT
The human thermal regulation determines the physiological thermal comfort of

the occupant of a room, as the human body exchanges heat with the environment. Heat is
exchanged by radiation, convection and evaporation. The heat in the human body is
primarily produced by metabolic processes, that result from digestion [16]. During rest or
in moderate exercise mode this results in an average temperature of the vital organs near
37 °C. The body’s temperature control system tries to maintain this temperature when
internal or environmental thermal disturbances occur.
The occupant appreciates the indoor climate mainly by its air quality and thermal
conditions. If the thermal conditions satisfy the requirements of the occupant thermal
comfort is obtained. Thermal comfort or discomfort conveys the general state of the human
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thermoregulatory system. It is a function of the room conditions, the clothing, the activity
level and the physical condition of the occupant. Thermal comfort has been a topic of
concern since the previous century. In 1883, Hermans developed a theory of discomfort that
connected poor ventilation with the body heat loss mechanisms [17]. This theory was further
developed in the 20th century and forms the basis for the present comfort requirements in
relation to thermal conditions and ventilation, i.e., thermal comfort. The prediction of
thermal comfort has been standardized with models that have been developed by Fanger
[18] and modified by Fanger [19].
The human response to the thermal environment is found to depend on seven
parameters [20]: (a) air temperature, (b) relative humidity, (c) mean radiant temperature,
(d) air velocity, (e) physical activity of the human occupant, (f) thermal resistance of the
clothing and (g) the temporal nature of the exposure. Given the thermal parameters (a)
through (d), thermal comfort can be attained by tuning the behavioral parameters (e)
through (g) or vice-versa.
There are several thermal comfort indices (to simplify the description of the thermal
environment and the stress imposed by an environment) available. The environmental index
combines two or more of the above seven parameters. The following is a discussion of some
of the available thermal comfort indices:

I) Effective D raft Temperature {EDT)'. Effective draft temperature (EDT) is one
of the earliest thermal indices. Created by Rydberg and Norback [21] and later
modified by Koestel and Tuve [22], it combines air temperature and velocity. The
effective draft temperature values between -1.7 and 1.1 (-1.7<EDT<1.1)
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characterizes thermal comfort while EDT values outside this range represents the
thermal discomfort zone. According to Koestel and Tuve [22], the effective draft
temperature is defined as:
EDT= (Tx - Tave) - 8(V* - 0.15)

-1.7 > EDT >1.1

(2.1)

where Tx is the local air temperature in °C, Tave is the mean room temperature in
°C, and Vx is the local air speed in m/sec.

2) Predicted M ean Vote (PM V): The PMV index predicts the mean response of a
large group o f people according to the ASHRAE thermal sensation scale. Fanger
[18] related PMV to the imbalance between the actual heat flow from the body in
a given environment and the heat flow required for optimum comfort at the
specified activity by the following equation:
PMV= [0.303 exp(-0.036 M) + 0.028] L

(2.2)

where L is the thermal load on the body, defined as the difference between the
internal heat production and the heat loss to the actual environment for a person
hypothetically kept at comfort values of skin temperature and evaporation heat
loss of sweat secreted at the actual activity level. The parameter M is the body
metabolic rate.

3) Percentage o f Dissatisfaction (PD): The sensation of draft, defined as an
unwanted local convective cooling of a person, is dependent on the thermal comfort
state of the person. Persons already feeling cold will complain of the sensation of
draft, whereas the same condition may have a positive effect on a person feeling
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warm. Fanger [19] derived a relation for the risk of draft, the predicted percentage of
dissatisfied due to draft (PD), as a function of the temperature, the mean air velocity
and the turbulence intensity. This relation was obtained from similar climate
chamber research as for the PMV model.
PD = (3.143+0.36% U Tu)(34-Ta)(U-0.05)06223

(2.3)

where U is the air velocity (in m/sec.), Ta is the air temperature (in °C) and Tu is the
turbulence intensity. For air velocity less than 0.05m/sec, a value of 0.05m/sec needs
to be used for U in Eq. (1.3). It should be noted that the minimum value of PD is 5
percent and the maximum value is 100 percent in all situations.
The draft risk model has been introduced to compensate for the heat transfer
effect of turbulence, which is not accounted for in the PA/V-model. Under normal
office indoor air conditions, the draft risk model typically leads to the requirement
for keeping the air velocity very low. The standard (ASHRAE 1992) requires that,
for indoor buildings, the value of PD should be less than 15 percent.
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CHAPTERm
SIMULATION OF INDOOR AIRFLOW
3.1 INTRODUCTION
The emerging field of computational fluid dynamics (CFD) is very attractive for
calculation of airflow patterns given the difficulty of determining the flow field
experimentally. In recent years, considerable advances have been made in development
of numerical methods that allow the study of the steady and transient characteristics of
indoor airflow patterns with regard to energy use, indoor air quality and thermal comfort.
In this introduction a short summary of these models is given.
A wide range of models is available. Semi-empirical models for the nonisothermal jet as presented by Regenscheit [23] and Grimitlin [24] allow the calculation
of a jet extending into a room.

Consideration of mass, momentum and energy

conservation forms the basis for semi-empirical models that have been derived to
calculate the characteristics of displacement ventilation flow, especially the convective
flow arising from heat sources [25-26] and the vertical temperature distribution [27].
These models present relatively simple steady state solutions of the flow field
characteristics in order to determine thermal comfort conditions and contaminant
distribution.
The applicability o f the semi-empirical relations is quite restricted due to modelling
assumptions. For more detailed information on the flow field, the full Navier-Stokes
equations and the equation for conservation of energy must be solved. This approach
generally uses Computational Fluid Dynamics (CFD) since governing equations are
coupled and non-linear, and cannot be solved analytically. Due to these reasons,
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calculation of the indoor airflow generally requires numerical methods that employ
discretization of governing equations on continuum domain in time and space. The CFD
code FLUENT uses a control-volume-based technique to transform the governing
equations to algebraic equations that can be solved numerically. This control volume
technique consists o f integrating the governing equations over elemental control volumes,
yielding algebraic equations that conserve mass, momentum and energy on a controlvolume basis. Nielsen [17] was first among many to apply CFD for the numerical
prediction of the indoor airflow. Since then the technique has evolved and numerous
results reported in the literature point to the wide spread applicability of CFD for the
simulation of an indoor airflow pattern. Recent developments in computer operating
system and capacity have further enhanced the application of CFD in the prediction of the
indoor airflow patterns. Experience, however, also indicates the necessity to validate
CFD results of indoor airflow patterns [18,19,28].
For specific air supply systems, Chen [29] and Niu [30] determined relations for the
temperature distribution in the room as a function of the internal heat load and the
ventilation rate for a range of simulated airflow patterns using CFD. Later, Peng [31]
adopted a similar approach.
Recently, Negrao [32-33] has described a fully integrated CFD program in a building
simulation program. Negrao [33] indicated the potential of the combined approach of
CFD and the whole building simulation. The main restrictions lie in the difficulty of
achieving convergence of the combined flow network and CFD domain with reasonable
computational effort. From the above discussion, it can be concluded that although CFD
is applicable to unsteady state indoor airflow problems, up to now only the CFD-based

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

15

investigation of steady state flow and heat transfer problems in the indoor environment
has proven useful as an important extension to the available options such as empirical and
semi-empirical approaches. The validity of CFD obtained results however remains an
issue of concern [18,34], and the study by Chen [18] in 1997 indicates the need for a
thorough validation of the indoor airflow patterns obtained from CFD calculations by
comparing them with full-scale experimental measurements. However, it must be pointed
out that there is a paucity of full-scale measurements for realistic indoor airflow patterns
reported in the literature [5].
This chapter briefly describes the main mathematical and numerical characteristics
of the CFD code used to perform the fluid flow simulation in this study.

3.2 GOVERNING EQUATIONS
The conservation of mass, momentum and energy govern the flow and temperature
fields in rooms. Given the boundary conditions, the resulting flow pattern is determined
by solving Navier-Stokes equations (Eqs. 3.1 to 3.3).

(3-1)

■J(pui) + — (pu,ul ) =

(3.2)

(3.3)
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where m, is the velocity component (u,v,w), p is the pressure, H is the enthalpy and S is a
source term. The symbol p. is the dynamic viscosity, k is the thermal conductivity and cp
is the specific heat. The time is indicated with t, x, is the coordinate axis (x,y,z), p is the
density and g, is the gravitational acceleration.

3.3

TURBULENCE MODELING
3.3.1

INTRODUCTION

For the prediction of the turbulent flow characteristics different options are
available. The Direct Numerical Simulation (DNS), the most comprehensive of all
models, calculates the turbulent motion by solving the Navier-Stokes equations. A fine
grid and a small time step are required to determine the flow field up to the smallest
length scale (in indoor airflow fields the scale can be less than 0.1 nun [35]). The number
of required grid cells (according to Nieuwstadt [36] is of the order of (Re)9/4) and the
limitations in computer capacity currently restrict the application of DNS to flows with a
moderate Reynolds number (Re). Large Eddy Simulation (LES) has been developed in
order to achieve reduction in the computer capacity required to do the flow simulations.
In the LES technique, the small-scale eddies are removed from the turbulent flow via
filtering. As a result, only the large-scale eddies are fully resolved and the effect of the
small-scale eddies on the turbulent flow field is modeled. This approach arises from the
knowledge that the large eddies of the macro structure are mostly anisotropic and depend
on the geometry of the flow field [37]. The small eddies of the micro structure on the
other hand are considered to be close to isotropic and less dependent on the flow
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geometry, given the energy cascade and “the return to isotropy.” Davidson and Nielsen
[38] and Bennetsen et al. [39] have presented some LES-results for a simple indoor
airflow geometry.
The need to simulate the flow field three dimensionally at a sufficient fine mesh
and time step to capture all the essential spatial and time scales, however, still requires a
relative large amount of computing time. Therefore, turbulence models fo r the mean
turbulent flow have been developed that calculate the statistical characteristics of the
turbulent motion by averaging the flow equations over a time scale much larger than that
of the turbulent motion. This approach assumes that for many engineering flow problems
knowledge of the high frequency fluctuating motion of the turbulent flow often is not
needed. The calculation of the average turbulent flow pattern is possible on a relatively
coarse mesh. As a result, the computational time is much smaller compared to that
required for DNS and LES approaches. Hence, these turbulence models were initially
used for the numerical simulation of turbulent flows and even today their use is quite
wide spread.
For the time averaged turbulence models, mean conservation equations are
derived by introducing the Reynolds decomposition for the instantaneous variables in
Equations (3.1) to (3.3) and time averaging the equations [36]. The averaging process
results in new unknown terms, - pu'u'j and - p u 'H ' , the so-called Reynolds terms. The
first term is the eddy stress, also called the Reynolds stress (t,j). The latter can be
considered as a diffusion term for the enthalpy or any other scalar quantity under
consideration. The determination of the Reynolds terms requires extra equations to solve
the problem. This represents the closure problem. Turbulence models resolve the
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situation by correlating the Reynolds stress and flux terms to the mean field quantities.
Most turbulence models are based on the concept proposed by Boussinesq [40] in 1877
which assumes that the turbulent stresses are proportional to the mean velocity gradients,
analogous to the viscous stresses in laminar flows, i. e.,
(3.4)

(3.5)
where ft, is the turbulent or eddy viscosity, a property of the flow, T, the turbulent scalar
diffusivity (also given as h/Oh, where CTh is the turbulent Prandtl-number), 5,y the
Kronecker delta and k the turbulent kinetic energy. The second term on the right hand
side of Eq. (3.4), which can be considered as a dynamic pressure, will be ignored since it
is small [29].
Different models are available to determine the unknown variable |A,. One of the
earlier and at present most widely used turbulence model is the standard k-e model [41,
42]. This model is discussed in the next section.

3.3.2

STANDARD K-S MODEL

The standard k-e model calculates the turbulent viscosity (jj ,) from
k 2

(3.6)

where e is the rate of dissipation of turbulent kinetic energy and c^ is empirically
determined constant (cM = 0.09; Launder and Spalding [41]). The calculation of the
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turbulent viscosity thus requires derivation of two additional differential transport
equations to determine k and e. The standard k-E model therefore is called a two-equation
model. An example of the derivation of these equations can be found in Nieuwstadt [36].
A general equation for the mass, momentum and scalar conservation equations
can be formulated for the standard

k-E

Eqs. (3.2) and (3.3) and the superscript

model, when Eqs. (3.4) and (3.5) are substituted in
indicating the mean value is omitted i, e.,
(3.7)

where <j) represents a mean velocity component (u,) or any mean scalar variable (k, £, H,
C). The description of the diffusion coefficient (T*) and the source term (S<>) are given in
Table 2.1. Furthermore, the k-£ model comprises of several constants that have been
determined from experiments such as the decay of turbulence behind a grid and the
turbulent flow near a wall [41]. The values of these constants are also given in Table 3.1.
A laminar flow region exists close to the wall because o f the no-slip condition at
the wall and the resulting damping. However, the standard

k-E

model (Eqs. (3.6) and

(3.7)) is valid for flow regions for fully turbulent flows. The near wall region of the flow
is generally handled by wall functions that incorporate the so-called Law o f the Wall [43]:
30< y+ <130

(3.8)

0< y+ <5

(3.9)

where y+ is the normal-distance Reynolds number (y+ = pyu,/p, where the friction
velocity uT=

(Tw/ p ) 05)

and y is the normal-distance to the wall), u+ is the dimensionless
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velocity (u+ = u/uT),

k

is the Von Karraan’s constant (k = 0.42) and E is a constant that is

a function of the wall roughness (in Fluent [44] for smooth wall; E = 9.81).
The constants in the logarithmic wall function (Eq. (3.8)) have been fitted from
typical forced convection boundary layer flows. This function is valid in the inertial
sublayer and links the fully turbulent outer layer flow with the near wall flow profile by
asymptotic matching [43]. Close to the wall, the turbulence cannot sustain itself as the
integral length scale becomes smaller than the Kolmogorov micro-scale. Experimental
results show that the Reynolds stress remains small up to about y+= 5. This region is
called the viscous sublayer. In this layer the velocity profile is linear when the Reynolds
stresses are neglected in Eq. (3.9). The intermediate region is called the buffer layer. In
this layer viscous stresses as well as Reynolds stresses are dominant. In the inertial
sublayer the Reynolds stresses dominant [43].
Given the Reynolds’ analogy between momentum and energy transfer, as found in
the Stanton number (St = Nu/RePr = hc/p c pp ), the temperature profile at the wall can be
described with similar functions:

r = cjh (u++ P (Pr/aH))

(3.10)

T*=Pr y+

(3.11)

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

21

where:

r

T,-T
(H ,-H )p n ,
----------------*r
*7 s

(3.12)

and P (Pr/an) is a constant value which is a function of the laminar and turbulent Prandtl
number. For air, the value of P is determined to be approximately -1.4. In Eq. (3.12), qs is
the surface heat flux. In Fluent [44], the linear wall function (Eq. (3.9)) is used when y* is
less than 11.225. For the linear temperature profile (Eq. (3.11)) this value is y*
<11.225/Pr.
The conservation equation for the turbulent kinetic energy fk) is solved up to the
wall-adjacent cells. At the wall, the boundary condition [43] ckJdxi = 0 is applied.
Assuming local equilibrium between the production of k and its dissipation rate, the
dissipation rate in the wall-adjacent cell is calculated from e = (uT) 3/(icy) [45 ].
The standard k-e model has been shown to be broadly applicable for fully
turbulent flows where the turbulence based Reynolds number (Re, = /fc^p/pe) is large. For
low Reynolds number flows, the standard k-e model however overestimates the turbulent
diffusivity. The standard k-e model therefore has been subject to modifications to
improve the validity at low-Reynolds number flows. In these so-called low-Reynolds
number turbulence models, functions are introduced in the calculation of pt and in the k
and e equation that are a function of, among others, Re,. Henkes [46] gives a summary of
several available models.
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Table 3.1 Diffusion coefficient (f* ) and the source terms (S0 ) for variable 0

Equation

<t>

Continuity

1

0

Momentum

Uj

M+Mt

-Bp/dxi -pgi

Turb. Kin. Energy(k) k

M+Mi/pk

Pk-pe+Gb

Enthalpy

H

n/Pr + fit/ o H

Sh

Concentration

C

(llSc + Hr/Oc

Sc

Note:

Pk =//,

f dUi

chij

r$

dll:
dx

c e i = 1 . 4 4 ; c E2 = 1 . 9 2 ;
O r—

gi0M ' dO
cp a H dxt

C /.= -------------~— and

Ce3=1.0 (Henkes

S0
0

e= H -H n

1 9 9 0 ) ; < J k = 1 . 0 ; C T e = 1 .3 ;

1 .0 .
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In Chen [42], some of the modified k-e models are compared for four typical twodimensional validation cases. From this comparison, the Renormalisation Group (RNG-)
k-e model was recommended for the simulation of indoor airflow. The RNG-k-e model
performed better than the standard k-e model for a mixed convection flow case and an
impinging jet. The results for the free and forced convection flow cases agreed with the
results from the standard k-e model [42]. The RNG-k-e model will be explained in more
detail in the next section.

33 3

RENORMALISATION GROUP (RNG-) K-e MODEL

The RNG-k-e model is a two-equation turbulence model, similar to the standard
k-e model, which is derived by using renormalisation group methods [47]. From the RNG
technique a theory for large-scale turbulence has been derived in which the effects of
small scales are represented by modified transport coefficients. The derivation is based
on the correspondence principle [47]; the Navier-Stokes equations are solved with a
random force that describes the inertial range.
For the turbulence modelling, the small scale eddies are eliminated via the RNGmethod and introduced into modified Navier-Stokes equations which comprise a
modified (turbulent) viscosity, a modified force and a modified non-linear coupling [48].
The RNG-method is used to determine the values of similar coefficients as they
arise in the standard k-e model. Furthermore, the turbulent Prandtl numbers for k, e and H
are obtained from an analytical relation, which accounts for the molecular Prandtl
number and for low-Reynolds number effects. An additional source term R is included in
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the equation for the dissipation rate of turbulent energy [48]. These deviations from the
standard k-e model are summarized below.

•

The constant model coefficients are obtained from the RNG theory,
c ^ 0.0845; cel = 1.42; c^ = 1.68

•

(3.13)

The RNG method results in a low Reynolds number interpolation formula for the
turbulent viscosity which is valid for low to high Reynolds number flows,
\ 2

(
H eff = M + M, = V

1+
&

where

(3 .1 4 )

VF

is the effective viscosity. Since the RNG-k-e model accounts for low-

Reynolds number effects, wall functions can be abandoned. For high Reynolds
number flows, Eq. (3.14) approaches the expression as applied in the standard k-e
model.
•

The turbulent diffusion coefficient (Teff = Ceff x Peg) results from an expression in
terms of the effective viscosity and the effective inverse Prandtl number {t^g), where
£ejf is determined from

C/r “ 1-3929
^ -1 .3 9 2 9

0 .6321

f,tf+ 2 .3 9 2 9
f+ 2 .3 9 2 9

0 .3 6 7 9

P

(3.15)

P'ff

where ^ = 1 . 0 for the k and e-transport equations and £ = UPr for the heat transfer
equation.
The additional source term R in the dissipation-rate transport equation is expressed as
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e 2
k

(3.16a)

(3.16b)

(3.16c)

if d u,

d uj

(3.16d)

where 5,y is the mean rate-of-strain, r|o = 4.8 and x = 0.012.
In regions of large strain rates the production of turbulent kinetic energy is
overestimated in the standard k-e model. As a result, flow field features such as
separation and vortex shedding are obscured at downstream positions [49]. The lower
value for c E2 in the RNG-theory compared to its value in the standard k-e model (see
Table 3.1) decreases the rate of production of k and the rate of dissipation of e. Similarly,
for T) > r|o, the R term reduces the effect of the destruction term (Cg2 e2/k) in the
dissipation rate equation and there with of the production of turbulent kinetic energy. It
ultimately results in a suppression of the turbulent viscosity. When R > 0, the increase in
Cej?typically is smaller than the value obtained with the standard k-e theory [48].
The properties of the RNG-k-e model and the resulting extension of the model to lowReynolds number flow problems make it a good choice for indoor airflow applications.
Despite the mathematical derivation of the model coefficients, Yakhot and Orszag [47]
indicate that the RNG-based k-e model must be validated by means of experiments. This
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is due to the non-linear terms present in the RNG-method that may take a finite non-zero
value.

3.4 NUMERICAL METHODS
An analytical solution of the coupled, non linear, partial differential equations for
a three-dimensional turbulent flow field is not possible. The use of numerical methods is
inevitable and therefore the calculation o f a flow problem, such as room air movement,
requires the discretization of that flow field into space and time.
Finite volume and finite element methods are used to obtain a numerical solution.
In both methods the discretized equations represent the flow problem in each control
volume or element. The first method will be discussed more closely as it is applied in the
software [44,48,50] for solving the flow problems used in this study. In Baker et al. [51]
and Williams et al. [52] more information is available on the application of the finite
element method for the simulation o f indoor airflow.

3.4.1

DISCRETIZATION

The code “FLUENT” [44] used in this study uses a control-volume-based
technique to convert the governing equations to algebraic equations that can be solved
numerically. This control volume technique consists of integrating the governing
equations about each control volume, yielding discrete equations that conserve each
quantity on a control-volume basis.
Discretization in space requires the flow field to be divided in small control
volumes. Different type of control volumes and grid topologies are possible, including
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hexahedral and tetrahedral control volumes and structured or unstructured grids. The
solution procedure for all grid topologies is nearly similar [44].
Integration over the control volume, in order to balance the conservation
equations, requires calculation of the cell face values of the scalar variable 0 so that the
convective and diffusive fluxes can be determined. This requires an interpolation from
the <{>-value at the cell center to the cell face. Different interpolation schemes are available
[53]. The application of a specific scheme for a variable (among others) depends on the
grid alignment relative to the flow field. Higher order schemes present a better accuracy
as a first order scheme introduces numerical diffusion when the flow field is oblique to
the grid alignment. Higher order schemes, however, show a less stable solution
procedure.

3.4.2

SOLVER

Solving the equations on a structured grid allows the application of line-iterative
methods as the line Gauss-Seidel (LGS) method. The equations for a variable are solved
directly along one line of control volumes by applying the tridiagonal matrix algorithm
[54], The calculation continues with the next line applying the latest available boundary
values. The solution process can be improved via block correction along a line of control
volumes. The added correction satisfies the balance over the control volume block [55].
A further improvement can be obtained by applying a multigrid solver. Corrections are
determined from a successively coarser grid, which is constructed from a block of control
volumes. These corrections are added to the fine grid solution during the iteration process
[56]. For unstructured grids a line-iterative method cannot be applied. The Gauss-Seidel
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solution process is combined with the multi grid technique. An algebraic scheme then is
used to determine the coarse level mesh [50].
An iterative approach is required to obtain the separate but coupled flow field
variables, described by Eq. (3.7), from an initial guessed flow field. The solution of the
flow field is complicated by the pressure source term in the momentum equation. The
pressure field cannot be determined from a separate equation. Patankar [55] describes a
procedure in which the pressure field is obtained via the continuity equation, the SemiImplicit Method for Pressure-Linked Equations (SIMPLE). Given an initial pressure
field, the momentum equations are solved. A pressure correction is obtained from the
revised continuity equation and the velocity component values are corrected
subsequently. After calculation of the coupled flow field variables, as temperature and
turbulent quantities, the corrected pressure is taken as the new pressure field and the
operation is repeated until a converged solution is obtained.
All flow field variables are stored in the cell center o f the control volume. A linear
interpolation procedure is applied to obtain the pressure value at the face of the control
volume, as is necessary for solving the momentum equation [57]. In this way an
oscillatory pressure field is prevented without the application of a staggered grid [54].
This approach is useful when boundary fitted coordinates are used for non-orthogonal
boundaries of a flow problem. For large local gradients of the pressure, as with large
buoyant forces, the discretization should be refined. Also a staggered grid approach may
be re-introduced for the calculation of the face pressure [44]. To prevent a similar
oscillatory solution for the flow field when solving the continuity equation, a momentum-
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weighted averaging is applied for the velocity that is based on the convection and
diffusion effects [58].
When the buoyancy force is of the same order of magnitude as the pressure
gradient, the convergence is poor because of the relative small contribution of the
convective and viscous terms. This results from the sequential solving process of the
SIMPLE-algorithm. A correction term can be incorporated in the revised continuity
equation that accounts for the buoyancy force [44],

3.4.3

CONVERGENCE

Because of the non-linearity of the problem, the solution process is controlled via
relaxation factors. A relaxation factor controls the change of a variable as calculated at
each iteration.
The convergence is checked by several criteria: the mass and energy conservation
should be balanced, the residuals of the discretized conservation equations must steadily
decrease and the change in field values between two iterations should be very small.
The convergence criterion adopted in the calculations was set so that the normalized
residual is less than 10~6 at any grid node and for any 0 equation but the pressure. For
pressure, the normalized residual has to be less than 10”3 for convergence.
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CHAPTER IV
RESULTS AND DISCUSSIONS
4.1 INTRODUCTION
The primary goal of this study is to predict the flow patterns and the human thermal
comfort conditions in an indoor environment. Computational Fluid Dynamics (CFD)
simulations have been performed to achieve that goal for a full-scale ventilated room.
First, available experimental results for a specific geometry are used to validate the
numerical model. After validation of the present code, a typical office room is modeled to
investigate displacement ventilation for vacant as well as occupied room.
Although the CFD code used here is a commercial code (Fluent [44]) that has been
validated for many other applications, a detailed investigation, described in the next
section, was undertaken to validate the code for the present application.

4.2 CODE VALIDATION
The accuracy of the CFD code is established through a validation process. This
process involves comparison of predicted results from the CFD code with those obtained
from an independent experimental data source. In 1990, Spider [59] presented an
experimental study for a full-scale unoccupied ventilated room. Figure 4.1 illustrates the
basic supply/exhaust configuration for the room used in the Spider’s study, which is 5m
long, 3m high and 3m wide. The supply and exhaust are each 0.333m wide and 1.0m
high. There are no flow obstacles in the room interior; all interior walls and the ceiling
are heated electrically, and the floor is an adiabadc surface. In this study, the total airflow
to the room is at a rate of 15 Air Change per Hour with the supply air temperature of 21
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°C. The bulk velocity of the air at the inlet is 0.433 m/sec. The room’s side walls and
ceiling are maintained at 30 °C. A ventilation system is available to supply cool air to the
room through the supply inlet at flow rates ranging from 2 to 100 Air Change per Hour.
Figures 4.2 and 4.3 show room model employed in the present study, which is used to
compare with the experimental study. Different unstructured grids were used to establish
the grid independence. Figure 4.4 shows the vertical temperature distribution averaged
over the horizontal plane for 32,000, 84,000 and 142,000 grid sizes. In this graph, the
results with 84,000 and 142,000 are very close to one another and therefore results
obtained with 142,000 grid size can be considered to be grid independent.
A 450 MHz Pentium II personal computer with 128 MB RAM was used to perform
all indoor airflow simulations. It took from three to five days (depending on the initial
condition and the nature of the case) to perform one case.
One case has been chosen from Spider’s experimental study with 15 Air Change per
Hour to compare with the results from the present code for the same parameters. For this
case, Spider used 16 type-T thermocouples mounted on a trolley that could be moved
throughout the room. Each temperature data point, as shown in Fig. 4.5, represents the
average of 112 temperature measurements in horizontal plane.
Williams et al. [60] studied the same experimental room numerically using a finite
element method. Figure 4.5 shows the comparison between the experimental data and the
numerical study, and the results obtained from the present model. From this figure, it is
clear that the present code simulates the experimental data better than the finite element
code of Williams et al. [60].
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Figure 4.2 Schematic diagram for the room model of present work

Figure 4.3 Unstructured grid for the modelled room
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Figure 4.5 Comparison between the experimental data and the study of Williams et al.
with the present results
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Figures 4.6 and 4.7 show the velocity vector comparison between Williams et al.
model and the present work. Although the two figures use different units, (Williams et al.
used English units), the overall flow patterns are quite similar. It should be noted that, the
low inlet velocity coupled with the large buoyancy force causes the significant downdraft
of cold air toward the floor. This region where the cold air jet hit the floor is called the
“splat.”
Although the 3D presentation of results show the comprehensive and general
overview, illustration o f the result in 2D at the inlet centreline better illustrates the splat.
Figures 4.8 and 4.9 show the velocity and temperature field contours in a plane at the
center of the inlet supply vent.
In the previous section, two HVAC parameters, namely ACH and Ar, have been
introduced. Definitions of these parameters are introduced in the following section.

4.3 ARCHIMEDES NUMBER AND AIR CHANGE PER HOUR
Archimedes number (Ar) and Air Change per Hour (ACH) are the commonly
used parameters in HVAC to charactrize indoor ventilation.
The Archimedes number is a commonly quoted dimensionless group for mixed
forced and natural convections. The parameter Ar is defined as
G r

A r—

A r—

<4-»
g /3
—

-A T r t f L

rtf

ref

<4 -2 )

where Gr is Grashof number, Re is Reynolds number, g is the acceleration due to gravity,
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Figure 4.6 Velocity vector magnitude of Baker work
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3 036-02

3 026-02

3 016-02

3 0 0 e-0 2

3 0 0 e-0 2

, 2 9 9 e-0 2

S sj 2 9 8 e-0 2

m as

: ; 2 9 7 e-0 2

2 9 6 e-0 2

2 9 5e-02

L ,

2 9 4e-02

K
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(3 is the coefficient of volumetric expansion, ATref is (T;n - Twaii), Uref is the reference
velocity (inlet velocity) and Lref is the length scale (room height). Flows with Ar »
are dominated by natural convection or buoyancy and cases with A r «

1.0

1.0 imply a

regime where forced convection is dominant.
The term Air Change per Hour (ACH) includes the units of volumetric flow rate.
In many HVAC applications ACH characterizes the turn over rate o f room air. For
instance, for the experimental room considered in the present study, a complete air
change involves a volume of 3 x 3 x 5 m or 45 m3. If ventilation air is supplied at a rate
of 45 m3 per hour then one speaks of a ventilation rate o f one ACH.

4.4 ROOM MODEL FOR THE PRESENT STUDY
After validating the code with the experimental data, as discussed in Sec. 4.2, a
new room geometry was chosen to simulate a small office for the rest of the cases
considered in this study to examine the effects of different environmental and design
parameters on the phenomena of room displacement ventilation. Figure 4.10 shows the
room model employed in the present work.
The chosen room has the dimensions of 3.5m long, 3m width and 2.8m height. It
has low level inlet and upper level outlet sections, both of the size of 0.3m x 0.5m. All
room walls except the floor are maintained at a constant temperature while the floor is
treated as an adiabatic surface in numerical calculations.
Three different grid sizes were used to establish the grid independence for the new
room model. Figures 4.11 and 4.12 show the vertical velocity and temperature profiles at
the center of room for 44,000, 80,000 and 127,290 unstructured grid sizes. From these
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two graphs it is evident that the results with 80,000 and 127,000 are very close to one
another and therefore results obtained with 127,000-grid size can be considered to be grid
independent.

4.5 BOUNDARY CONDITIONS
In order to solve the governing equations, boundary conditions need to be
imposed on the boundaries of the numerical domain. No-slip boundary condition was
used along the room walls and the floor. As mentioned in the previous section all walls
are isothermal with specified temperature that was maintained throughout the simulation.
The floor is assumed to be adiabatic which translates into the mathematical condition of
zero temperature gradient or heat transfer flux on the floor.
At the inlet boundary, all properties are assumed uniform across the section. The
properties specified there include velocity and temperature. Furthermore, for turbulent
flows, turbulence intensity and length scale must be set at the inlet section. For all cases,
a 10% turbulence intensity was used. It has been noted from literature that for the
displacement ventilation with no inlet obstacle, the turbulence intensity is in the range of
5 to 10%. At the outflow boundary, non-reflective boundary conditions are used where
the boundary values were found by extrapolation from the interior points.
The present CFD code requires initial conditions throughout the domain to start
the solution. Initial conditions are obtained by imposing inlet conditions throughout the
room.
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Figure 4.10 Schematic diagram and the unstructured grid of the new room model
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4.6 CLASSIFICATION OF CASES STUDIED
A total of 13 cases were simulated. These include eight cases for unoccupied room,
four cases for a person standing in the room and one case for a person sitting in the room.
In the unoccupied room cases, effects of inlet velocity, inlet temperature, wall
temperature and vent location on the room thermal comfort zone were studied in some
detail.
For properly categorizing different cases, each case has been given a unique alpha
numeric 12-character identification code. The first three characters stand for the type of
the room (EMP for empty, STA for a standing person in room and SIT for a sitting
person in the room). The next four characters represent the inlet velocity and inlet
temperature (the first two for the velocity in one tenth of m/sec and the next two for the
temperature in °C). The next two digits represent the wall temperature in °C. The last two
digits are for the vent location (ST is for standard vent location where inlet and outlet are
in the middle, LC for inlet that is in the comer, UC for outlet in the comer and SC for
inlet and outlet in the center and on the same wall). For instance, the notation
EMP021923ST represents a case o f empty or unoccupied room with 0.2 m/sec and 19 °C
inlet air velocity and temperature, respectively; 23 °C wall temperature, and the
inlet/outlet vents each located in the center of the opposite wall. Table 4.1 gives the codes
for each of the 13 cases that were studied. Boundary conditions for the inlet as well as the
walls are also given in Table 4.1. Room type and vent (inlet and outlet) locations are also
provided in the same table.
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Table 4.2 shows (for the above cases) the Archimedes number, the air change per
hour (ACH) and the average room temperature. It should be noted that for cases
considered here, the Ar and ACH values ranged from 2.5 to 36 and 2 to 8, respectively.

4.7 GLOBAL MASS AND ENERGY BALANCES
All numerical calculations of indoor flow lead to numerical errors in various
physical quantities due to truncation and round off errors. This in turn can lead to
imbalances in mass and energy. In the cases that were studied, global mass balance
(continuity equation) and global energy balance (first law of thermodynamics) were
checked to ensure that the numerical solutions obtained in this study are in accord with
the mass and energy conservation laws. For illustration of the integrated mass and energy
balances in the next section, the EMP021923ST case (standard case) has been chosen as
an example.

4.7.1 CONTINUITY EQUATION
For steady state conservation of mass, the inlet mass flow rate must be the same
as the outlet mass flow rate. This is sometimes refered to as the continuity equation.

•

•

nxm=moul
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Table 4.1 Cases classification

Case

Room type

Inlet

Inlet

Walls

velocity

temperature

temperature

(m/sec)

(°C)

(°C)

Vent location

EMP021923ST

Empty

0.2

19

23

Both in Center

EMP011923ST

Empty

0.1

19

23

Both in Center

EMP041923ST

Empty

0.4

19

23

Both in Center

EMP021927ST

Empty

0.2

19

27

Both in Center

EMP021523ST

Empty

0.2

15

23

Both in Center

EMP021923LC

Empty

0.2

19

23

Lower Comer inlet

EMP021923UC

Empty

0.2

19

23

Upper Comer outlet

EMP021923SC

Empty

0.2

19

23

Both in the same wall

STA021923ST

Standing

0.2

19

23

Both in Center

STA011923ST

Standing

0.1

19

23

Both in Center

STA041923ST

Standing

0.4

19

23

Both in Center

STA021927ST

Standing

0.2

19

27

Both in Center

SIT021923ST

Sitting

0.2

19

23

Both in Center
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Table 4.2 Cases results
Case

Ar

ACH

Average Room
temperature (K)

EMP021923ST

9

3.67

293.94

EMP011923ST

36

2

294.74

EMP041923ST

2.5

8

293.4

EMP021927ST

18.5

3.67

296.2

EMP021523ST

18.8

3.67

292.3

EMP021923LC

9

3.67

293.82

EMP021923UC

9

3.67

293.9

EMP021923SC

9

3.67

293.74

STA021923ST

9

3.67

295.89

STA011923ST

36

2

295.26

STA041923ST

2.5

8

294.32

STA021927ST

18.5

3.67

296.36

SIT021923ST

9

3.67

294.97
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A) The inlet mass flow rate can be expressed in terms of the density, area of crosssection and inlet velocity as
9

(4-4)

m in=VinKPin

Uin = 0.2 m/sec.
Am = 0.3x0.5 = 0.15 m2
Pin = 1.20804 kg/m3
=> m in= 0.036241 kg/sec.

B) Outlet mass flow rate

mou,=UoulAoulpoul

(4.5)

Uout = 0.204 m/sec.
Aom = 0.3x0.5 = 0.15 m2
Pout = 1.1843 kg/m3
=> m out = 0.036239 kg/sec.
•

•

•

Error = 100x( m m-m ou,)/ m m

(4.6)

Error = 0.0055%
It is noted that percentage error in this case is indeed very small, i.e., well
below one percent.
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3.7.2 FIRST LAW OF THERMODYNAMICS
In Chap. Ill, Eq. (3.3) stated the energy equation in a differential form.
The numerical solution of this equation needs to be checked for the global energy
balance. The integral form o f the first law of thermodynamics for a steady state
process for the entire room can be expressed as

•

•

Q cV + m in

■+

where Q cv is the control volume heat flux, h;n and how are the inlet and outlet
enthalpies, respectively, W cv is the work rate transfer for the control volume, g is
the acceleration due to gravity and z is elevation. For this case (and all others),
the work transfer rate is absent.
W cv = 0 (no work)
The terms gz and (U2/2) are very small compared to the enthalpy term, and
thus can be neglected. As a result, the global energy balance equation reduces to
the following form

(4.8)
m
where
Q C V = Q NW +

0SW +

Q WW + Q EW + Q c + Q F
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(4.9)

Symbols Q nw , Q s w , Q ww and 0

ew are

heat fluxes from the north, south, west
•

•

and east walls, respectively. The terms Q c and £?f are heat fluxes from the
ceiling and the floor. By virtue of imposed boundary condition of the adiabatic
floor, the latter term is zero, i. e.,
Q f = 0 (insulated)
The other heat fluxes of wall surfaces and the ceiling are calculated as part of the
numerical procedure and are given below for the EMP021923ST case.
£>nw = 2 3 .7 w ,

<2sw = 2 4 .9 w ,

0 Ew = 21.95 w ,

Q c = 12.75 w ,

hin = -5978.9 kJ/kg ,

Q Ww = 20.85 w

hOUt = -3113.7 kJ/kg

Ah = (hout - h^) = -2865.2 kJ/kg

QlJZ - = I Q4 -1-5 - = 2877 .072 kJ
0.0362
m*

(4.10)

/ kg
5

(4.11)
}

Subsititution of Eqs. (4.10) and (4.11) into Eq. (4.8) results in the following error in the
energy balance:

% - + < A „ - A „ , ) = 1 1 .8 7 2 fc //* S
m
The percentage error can be expressed as:
Percent error = 100 x (error)/(Heat flux through the walls)
Or for this case:
Percent error = 100x(l 1.872/2877.072) = 0.41%
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Similar calculations have been done for all cases to double check on their
conservation of mass and energy. For all cases considered in this study the error was less
than one percent for both mass and energy balances. This in turn provides extra evidence
concerning accuracy of the present numerical procedure.

4.8 EMPTY ROOM SIMULATION
After validation of the code, establishment of the grid independence and the check
on the global mass and energy balances, it is now appropriate to study the effects of
different environmental parameters on the room ventilation.
For the empty room shown in Fig 4.8, eight different cases have been simulated
to study the effect of several environmental parameters on the displacement ventilation.
The case EMP021923ST has the typical environmental conditions for displacement
ventilation for which it has been chosen to be the standard (reference) case. Effects of
inlet velocity, inlet temperature, wall temperature and vent location on the standard case
for the empty room are presented in the following sections.

4.8.1 EFFECTS OF INLET VELOCITY
For the standard case (EMP021923ST), the supply air enters the room at
an inlet speed of 0.2m/s. The objective is to keep all other parameters fixed except the
inlet velocity which is changed. This would permit determination of the effect of the inlet
velocity on the room displacement ventilation. The EMP0U923ST case represents the
case of lower inlet velocity of O.lm/s. For this case, the Archimedes number (Ar)
increases from 9 in the standard case to 36, and the Air Change per Hour (ACH) value is
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lowered from 3.67 to 2 as shown in Table 4.2. Solution of this case took longer
computing time since this case is highly dominated by natural convection. As a result, the
convergence of the iterative procedure slowed down considerably. The average room
temperature for this case is 294.74 K, higher than the standard case average room
temperature. Figures 4.13 and 4.14 show the temperature and velocity contours for the
standard case in the plane y=1.5m in the room. Figures 4.15 and 4.16 show the
temperature and velocity contours for EMP011923ST at y=1.5m. It is clear from these
figures that the supply jet has a smaller throw distance in the EMP011923ST than in the
EMP021923ST case.
The case EMP041923ST has been used to illustrate the higher inlet velocity of
0.4m/s. It should be noted that, for the displacement ventilation, the inlet velocity is in the
range of 0.1 to 0.4m/s. Figures 4.17 and 4.18 show the temperature and velocity contours
for EMP041923ST at y=1.5m. This case has a higher ACH (ACH=8) and has a lower Ar
(Ar=2.5) than the previous two cases as shown in Table 4.2. The average room
temperature in this case is lower than the standard case due to higher ACH. One of the
very clear differences between the above cases is in regard to the temperature
stratification. The temperature stratification in the lower velocity case (EMP011923ST) is
very well established. As the inlet velocity is increased, the temperature stratification
weakens, and for the 0.4 m/s inlet velocity case shows a nearly isothermal room.
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Figure 4.13 Temperature contours at y=1.5m for EMP021923ST

Figure 4.14Velocity contours at y=1.5m for EMP021923ST
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Figure 4.15 Temperature contours at y=1.5m for EMP011923ST
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Figure 4.16 Velocity contours at y=1.5m for EMP011923ST
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Figure 4.17 Temperature contours at y=1.5m for EMP041923ST

Figure 4.18 Velocity contours at y=1.5m for EMP041923ST
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Figures 4.19 and 4.20 show the temperature and the velocity profiles for the cases
EMP021923ST, EMP011923ST and EMP041923ST at the center of the room. From Fig.
4.19, it is noted that the temperature value for the EMP011923ST case at 1.8m is 295.4
K, where as at the same height this value is 293.6 K for the EMP041923ST case and
294.2 K for the standard case EMP021923ST. Note that temperature stratification is less
pronounced for the higher velocity case. In fact, the middle part of the room is nearly at
constant temperature except for stratification near the ceiling. The effect of the inlet
velocity is very pronounced on the room temperature distribution.
From Fig. 4.20, one observes that there is a direct effect of the inlet velocity on
the velocity profiles below 0.5m height. The difference between the velocity values of
EMP011923ST and EMP041923ST is particularly pronounced above one-meter
elevation. The higher velocity case indicates the existence of a floor jet that is dissipated
quickly in the lower velocity case.
Higher velocity case shows very distinct inlet jet flow effect. From Fig. 4.20, one
notes that the velocity magnitude of 0.36 m/s (which is very close to the inlet velocity of
0.4 m/s) was found just above the floor for the case EMP041923ST. While, at the same
location, velocity value of 0.11 m/s (more than half of the inlet velocity of 0.2 m/s) is
calculated for standard case. Also at the same location, the velocity value of 0.04 m/s
(less than half of the inlet velocity of 0.1 m/s) was found for the case of lower velocity
inlet (EMP011923ST).
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Figure 4.19 Temperature profiles at the center of the room
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4.8.2 EFFECTS OF INLET AND WALLS TEMPERATURES
The supply air temperature in the standard case (EMP021923ST) is 19 °C
and the walls are maintained at 23 °C. In the case of EMP021523ST, the inlet air
temperature has been changed to 15 °C. In this case, the maximum temperature difference
used to calculate Ar (AT = Tw - T = 8 °C) is more than in the standard case one (AT = Tw
- T, = 4 °C), where Tw is the wall temperature and T* is the inlet temperature. This
increase leads to a higher Ar (Ar=18.5). Figures 4.21 and 4.22 show the temperature and
velocity contours for EMP021523ST at a plane corresponding to y= 1.5m. The average
room temperature for this case is the lowest of all empty room simulated cases. There is
another way to have the same temperature difference as in EMP021523ST from the
standard case. Instead o f decreasing the inlet temperature to 15 °C as in EMP021523ST,
if the walls temperature is increased to 27 °C, as in EMP021927ST, we get the same
temperature difference. Figures 4.23 and 4.24 show the temperature and velocity contours
for EMP021927ST at y=

1.5m. The average room temperature in this case

(EMP021927ST) is the highest among all empty room simulated cases.
As the inlet temperature decreases, as in EMP021523ST, the overall room
becomes cooler. The average temperature at 1.5m height for the standard case is 293.9 K
as illustrated in Fig. 4.13. However, at the same height, the average temperature for the
EMP021523ST case is 292.5 K. Also at the same height, the corresponding value for the
EMP021927ST case is 295.9 K. There is clear temperature stratification in the standard
case. The stratification vanishes in the case o f EMP021523ST at elevations below 1.6 m.
This phenomenon is contrary to that in the case of EMP021927ST, where an isothermal
regime prevails above 1.4 m.
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Figure 4.21 Temperature contours at y=1.5m for EMP021523ST

0

2.5

1

2

3
1 I

1 11

IE m

2.5

■

N

1.5

1.5
H

0.5

0.5

Figure 4.22 Velocity contours at y=1.5m for EMP021523ST
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Figure 4.23 Temperature contours at y=1.5m for EMP021927ST
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Figure 4.24 Velocity contours at y=1.5m for EMP021927ST
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4.83 EFFECTS OF VENT LOCATION
Different rooms are used for different purposes (sitting, sleeping or standing). In
the design phase, it is very important to consider the indoor air distribution in the room in
order to enhance its displacement ventilation for that specific activity.
For the standard case EMP021923ST, both inlet and outlet vents are located in the
center of the opposite walls as in Fig 4.8. The objective is to keep all environmental
parameters in the standard case unchanged and change the vent location to show the
effect of this design parameter on the indoor airflow. Three different cases
EMP021923LC,

EMP021923UC

and

EMP021923SC

have

been

simulated

to

demonstrate the effect of the vent location on the room air distribution.
Figures 4.25 and 4.26 show the temperature and velocity field contours for
EMP021923LC at the plane y=1.5m. In this case the outlet location has not been
changed, and the only change in this case from the standard case is in the location of the
inlet which is moved to the lower comer of the same wall. It is instructive for this case to
show the temperature and velocity distribution in the perpendicular plane (x=1.75m) as
shown in Figs 4.27 and 4.28. These figures give more information about the flow
properties in the cross plane.
The average room temperature in this case (EMP021923LC) is almost the same as
in the standard case (EMP021923ST) as in Table 4.2.
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Figure 4.25 Temperature contours at y=1.5m for EMP021923LC
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Figure 4.26 Velocity contours at y=1.5m for EMP021923LC
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Figure 4.27 Temperature contours at x=1.75m for EMP021923LC
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Figure 4.28 Velocity contours at x=1.75m for EMP021923LC
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In the second case EMP011923UC, the inlet vent location remains unchanged in
the center and the outlet vent is moved to the comer. Figures 4.29 and 4.30 show the
temperature and velocity filled contours for EMP021923UC at the plane y=1.5m. Figures
4.31 and 4.32 show the temperature and velocity distribution in the plane x= 1.75m. A
temperature stratification of 2 °C was found in this case from the floor to 2-meter
elevation. The average room temperature in this case EMP021923UC is almost the same
as in the previous case EMP021923LC and the standard case EMP021923ST.
For the case EMP011923SC, the inlet and outlet vents were in the center but they
share the same wall, unlike in all other cases where the inlet and outlet vents were on
opposite walls.
Figures 4.33 and 4.34 show the temperature and velocity filled contours for
EMP021923SC at the plane y=1.5m. Figures 4.35 and 4.36 illustrate the temperature and
velocity distribution in the plane x=1.75m. The average room temperature in this case
(EMP021923SC) is less than the previous cases EMP021923LC, EMP021923UC and the
standard case EMP021923ST as in Table 4.2. The decrease in the average room
temperature is due to the fact that the inlet air in this case (EMP021923SC) travels a
longer distance (and stays for longer time) from the inlet to the outlet than in the other
cases. A comparison between EMP021923UC, EMP021923LC and EMP021923SC with
the standard case shows no significant difference in the temperature stratification.
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Figure 4.29 Temperature contours at y=1.5m for EMP021923UC
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Figure 4.30 Velocity contours at y=1.5m for EMP021923UC
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Figure 4.31 Temperature contours at x=1.75m for EMP021923UC
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Figure 4.32 Velocity contours at x=1.75m for EMP021923UC
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Figure 4.33 Temperature contours at y=1.5m for EMP021923SC
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Figure 4.34 Velocity contours at y=1.5m for EMP021923SC
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Figure 4.35 Temperature contours at x=1.75m for EMP021923SC

•T'YM*If-

Figure 4.36 Velocity contours at x=1.75m for EMP021923SC
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4.9 OCCUPIED ROOM SIMULATIONS
After studying the displacement ventilation for the empty room, the focus shifts to
determination of airflow pattern and temperature distribution in the occupied room. In
order to have good understanding for indoor human thermal comfort conditions, it is very
important to study the interaction between the human body and the surrounding
environment. Five different cases have been studied to simulate an occupied (heat source)
room. Four cases STA021923ST, STA011923ST, STA041923ST and STA021923ST are
for a standing person and one case, SIT021923ST, is for a person sitting in a chair. The
first four cases were implemented with an unstructured grid of 180,000 nodes while the
grid size for the case of a person sitting in a chair was 200,000.
Results for a person standing in the middle of the room are presented first in the
next section. Then the results of the case of a person sitting on a chair are presented in
Sec. 4.9.2.

4.9.1 STANDING PERSON
A human body model has been created in the room center to simulate a standing
person inside the room. One o f the critical elements in modeling such a problem in 3-D is
the complex geometry of the human body. Murakami et al. [22] have modeled a human
mannequin, but they made several simplifications such as not considering the space
between the human legs and assuming axi-symmetric flow and solving half the domain
using structured grid. A realistic human body shape was modeled in the present study by
a 3-D multi-element computational model that incorporates many o f the local and global
features of the human body. The leg height is 80 cm, main body height is 70 cm, neck
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height is 8 cm and the head height is 16 cm. It should be noted that the legs and the body
cross sections are not circular but elliptical shape that closely models the human body.
The total surface area of the human model is 1.72 m2 which is close to 1.8 m2, the total
surface area for a normal person [3]. Due to added complexity, human hands were not
modeled.
Figure 4.37 shows a 3-D model of a meshed human body and the surrounding
unstructured grid distribution. Constant temperature of 33.7 °C was used in all cases as a
boundary condition for the human model to simulate the body skin temperature. Figure
4.38 shows the human body model inside the ventilated room.
Figures 4.39 and 4.40 show the temperature and velocity contours for the
STA021923ST case in the y=1.5m plane. This case represents exactly the same
environmental conditions as in the standard case for empty room (Section 4.8) except for
the presence of a standing person. From Table 4.2, one notes that the average room
temperature in this case is 295.89 K compared to 293.94 K for the empty room case. This
increase in temperature reflects the effect of the heat source (human body) on the average
room temperature. Figures 4.41 and 4.42 show the temperature and velocity contours for
STA021923ST at x=1.75m. From these cases, it is clear that the warm rising stream
(plume) appears around the human body model, while the flow field away from the body
is in almost stagnant condition. In this type of stagnant flow field, the rising plumes
generated around the human body model from the metabolic heat becomes the essential
factor in transporting air from lower to higher levels. These plumes can play an important
role in determining the temperature stratification inside the room.
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The comparison of the occupied standard case (STA021923ST) with the
unoccupied standard case (EMP021923ST) shows the influence of the human body (heat
source) on the room temperature stratification. The temperature stratification on
EMP021923ST is 2 °C from the floor to 1.7 m (human height) as compared to the
temperature stratification of 4 °C for the STA021923ST case.
In order to show the impact of inlet flow velocity on the occupied room flow
field, two more cases have been simulated. The case STA011923ST represents the case
of low inlet velocity of 0.1 m/s. This case has the highest Archmiedes number (Ar) and
lowest air change per hour (ACH) among all cases of occupied room. Figures 4.43 and
4.44 illustrate the temperature and velocity contours for STA011923ST at y=1.5m while
Figs. 4.45 and 4.46 illustrate the temperature and velocity contours at x=1.75m. The
average room temperature for this case was 295.26 K.
Comparison of the results in the case of STA011923ST with that of
STA021923ST shows no big difference in temperature stratification but quite a
significant difference in airflow distribution. For the case STA021923ST, a plume with
0.063 m/s maximum velocity is generated above the human head and extended up to 2.5
m height, while a plume of 0.0757 m/s generated in the case of STA011923ST above the
human head and extended all the way to the ceiling.
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Figure 4.37 The 3-D meshed human body model

Figure 4.38 Human body model inside the ventilated room

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

72

Figure 4.39 Temperature contours at y=1.5m for STA021923ST

Figure 4.40 Velocity contours at y=1.5m for STA021923ST
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Figure 4.41 Temperature contours at x=1.75m for STA021923ST
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Figure 4.42 Velocity contours at >.=1.75m for STA021923ST
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Figure 4.43 Temperature contours at y=1.5m for STA011923ST
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Figure 4.44 Velocity contours at y=1.5m for STA011923ST
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Figure 4.45 Temperature contours at x=1.75m for STA011923ST

Figure 4.46 Velocity contours at x= 1.75m for STA011923ST
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The case STA041923ST represents the case of high inlet velocity of 0.4 m/s. This
case has the lowest Archmiedes number (Ar) and highest air change per hour (ACH)
among all cases of occupied room. Figures 4.47 and 4.48 illustrate the temperature and
velocity contours for STA041923ST at y=1.5m while Figs 4.49 and 4.50 illustrate the
temperature and velocity contours at x= 1.75m. The average room temperature for this
case was 294.32 K.
Comparison between STA041923ST and STA021923ST shows a significant
difference in the temperature stratification. As mentioned earlier, the temperature
stratification for the case of STA021923ST is 4 °C from the floor to the elevation of 1.7
m (the standing human level), while the temperature stratification for the same elevation
is 2 °C in the case of STA041923ST.
Finally, for the standing occupant cases, the case STA021927ST represents the
case of warmer indoor environment. In this case, the wall temperature was 27 °C. This
case has average room temperature of 296.36 K, highest among all the cases of occupied
room. Figures 4.51 and 4.52 illustrate the temperature and velocity contours for
STA021927ST at y=1.5m while Figs. 4.53 and 4.54 illustrate the temperature and
velocity contours at x= 1.75m.
A comparison between this case (STA021927ST) and the case of STA021923ST shows
small difference in the temperature stratification. However, there is quite a difference in
the airflow distribution. The plume created above the human head in this case is weaker
by 0.015 m/s and much shorter in extent than in the case o f STA021923ST.
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Figure 4.47 Temperature contours at y=1.5m for STA041923ST

Figure 4.48 Velocity contours at y=1.5m for STA041923ST
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Figure 4.49 Temperature contours at x= 1.75m for STA041923ST

Figure 4.50 Velocity contours at x= 1.75m for STA041923ST
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Figure 4.51 Temperature contours at y=1.5m for STA021927ST
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Figure 4.52 Velocity contours at y=1.5m for STA021927ST
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Figure 4.53 Temperature contours at x=1.75m for STA021927ST

>x>m
>X «W .-Jcyj

Figure 4.54 Velocity contours at x=1.75m for STA021927ST
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4.9.2 PERSON SITTING IN A CHAIR
After simulating the standing person and studying the effect o f different
environmental parmeters on room displacement ventilation, studying different occupant
configuration becomes important. In this case, the most difficult task is the grid
generation for the person on the chair. This is because there are very small gaps between
the human body model and the chair that need to be meshed. Figures 4.55 and 4.56
demonstrate the grid generation of the human body model on the chair and the room
model for the person sitting in a chair.
Figures 4.57 and 4.58 show the temperature and velocity field contours for
SIT021923ST at y=1.5m. For this case, the boundary condition for the human body was
the same as before (skin temperature=33.7 °C) while the chair was treated as an adiabatic
(insulated) surface. Figures 4.59 and 4.60 show the temperature and velocity field
contours for SIT021923ST at x= 1.75m. The average room temperature for this case is
294.93 K as in Table 4.2. Since a greater portion of the body part (heat source) is in the
lower level (cold reservoir) of the room compared to the standing person case, a stronger
plume is generated around the human body model which makes it the essential factor in
transporting air from the lower to the higher levels.
Comparison of this case with that of STA021923ST shows a big difference both
in the temperature stratification and the airflow distribution around the human body. The
temperature stratification in this case is 2 °C from the floor to the sitting human head
level (1.1 m), while the temperature stratification for STA021923ST case is 4 °C from the
floor level to the standing human head level (1.7 m). The plume in this case is much
stronger (0.13 m/s) and longer than the plume in case STA021923ST (0.063 m/s).
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Figure 4.55 Grid meshing of the person on the chair
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Figure 4.56 Schematic diagram for the person on the chair
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Figure 4.57 Temperature contours at y=1.5m for SIT021923ST
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Figure 4.58 Velocity contours at y=1.5m for SIT021923ST
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Figure 4.59 Temperature contours at x=1.75m for SIT021923ST

Figure 4.60 Velocity contours at x= 1.75m for SIT021923ST
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4.10 THERMAL COMFORT ZONE REPRESENTATION
In order to optimize the human thermal comfort in a room, it is very important to
have a map for the thermal comfort zone in the room. As mentioned in Chap. I, there are
many thermal comfort indices available. In this study, percentage of dissatisfaction (PD)
and effective draft temperature (EDT) were used to map the thermal comfort zones both
for the unoccupied and the occupied rooms.
Figures 4.61-4.63 illustrate a graphical representation of the thermal comfort
zones for the standard case EMP021923ST using PD and EDT in horizontal planes at
three vertical locations. These three vertical locations are commonly used in HVAC to
describe the room thermal comfort. These levels are ankle at 0.1m, sitting at 1.1m and
standing at 1.7m elevation.
It should be noted from Chap. II that in order to be in thermal comfort zone, PD
values need to be in the range of 5 to 20% and EDT values in the range of -1.7 to +1.1.
An EDT value greater than +1.1 would indicate uncomfort warm zone while EDT values
less than -1.7 indicate uncomfort cold zone.
From the results of Figs. 4.61-4.63, it is clear that PD index is not as good as EDT
index in capturing the effect of the envimomental parameters on the indoor thermal
comfort if the air velocity is less than or equal to 0.05 m/sec. It should be noted that, the
main reason for developing PD index is to take into account the effect of the air velocity
(draft) on the human thermal comfort. In the displacement ventilation case, air velocity in
the room is about 0.1 m/s everywhere except in the area near the inlet as in Figs. 4.11 and
4.20.
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Since PD has one extra environmental parameter (turbulence intensity) than EDT,
study of the sensitivity o f that parameter on PD for different temperature and velocity
values is important. Figure 4.64 shows the sensitivity of the turbulent intensity on PD.
One notes that the turbulent intensity has a big effect on PD in the higher velocity range
but that effect levels off as the velocity become smaller. In other words, the effect of
turbulent intensity is more predominant at higher velocities (mixing ventilation). Since
the present study is concerned with lower velocities (displacement ventilation), the
sensitivity of turbulent intensity on PD is quite low. As a result, PD may not be the best
thermal index to use for displacement ventilation.
In this study EDT has been chosen to predict the indoor thermal comfort zone. It
should be noted that for EDT, effects of only two air parameters, namely temperature and
velocity, have been used to form the index. This index shows a greater sensitvity of air
temperature and velocity on thermal comfort zone. Consequently, EDT has been used in
this study to show the effect of different ventilation parameters on indoor thermal
comfort.
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Figure 4.61 PD and EDT at ankle level for EMP021923ST

Figure 4.62 PD and EDT at sitting level for EMP021923ST

Figure 4.63 PD and EDT at standing level for EMP021923ST
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Figure 4.64 Sensitivity of the turbulent intinsity on PD for different temperature
and velocity values
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In the following figures, thermal comfort index EDT will be represented
graphically for all thirteen cases. In these graphs, thermal comfort zone in the room will
be shown as field contour (dark areas).
Figure 4.65 shows the thermal comfort zone for the case of EMP021923ST. For
this case, the area of thermal comfort extends from the floor up to 1.5m elevation. Also,
due to the inlet jet effect, a wedge region of thermal discomfort is created near the inlet
and extended to the room center. It should be noted that a person standing at the room
center is entirely in the comfort zone.
Figure 4.66 shows the thermal comfort zone for the case EMP011923ST for
which the all parameters are the same as in the standard case but inlet velocity is changed
from 0.2 m/s to 0.1 m/s. One observes that for this case the region of comfort is
distinctively smaller compared to the standard case of EMP021923ST. However, due to
lower inlet velocity, the wedge region of discomfort near the inlet is less in this case than
in the case of EMP021923ST. It should be noted that the region around 1.5 m elevation
(at the height of the human head) is clearly in the discomfort zone.
Figure 4.67 shows the EDT thermal comfort zone for the case of EMP041923ST.
The area of the thermal comfort in this case covers almost the whole plane except areas
below 0.3 m and above 2.5 m. The effect of the inlet jet on the thermal discomfort zone
near the inlet is very pronounced and extends from the inlet to the room end in xdirection, and from the floor up to 0.3 m height in the vertical direction. This case
illustrates that the entire body except the lower leg region is inside the comfort zone.
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Figure 4.65 EDT at y=1.5 for EMP021923ST

Figure 4.66 EDT at y=1.5 for EMP011923ST
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Figure 4.68 illustrates the EDT contours for the case of EMP021927ST. The
extent of comfort zone in this case is similar to that in the standard case (EMP021923ST)
except in the lower level. The reason behind feeling cold (EDT < -1.7) in the lower level
(below 0.3 m) is the higher average room temperature (included in EDT calculation) due
to higher wall temperature in this case as compared to the standard case.
Figure 4.69 shows the thermal comfort area for the case of EMP021523ST. The
only difference between this case and the standard case is in the inlet air temperature.
While the inlet air temperature in the standard case is 19 °C, it is 15 °C in this case. The
overall thermal comfort zone for this case is smaller in size than that for the standard
case.
Figures 4.70 to 4.75 show the thermal comfort zone for the cases of
EMP021923LC, EMP021923UC and EMP021923SC. It should be noted that these cases
are different due to vent location. Although, from Sec. 4.8.3, the effect of vent location
on the temperature stratification was weak, that effect is very clear on the thermal
comfort zone.
Among all the three cases, the case of EMP021923LC showed a better thermal
comfort zone compared to the other two cases. In the case of EMP021923LC where the
inlet is in the comer, the thermal comfort zone extends from the floor level up to 1.65 m.
This case has even bigger thermal comfort zone than the standard case (EMP021923ST),
primarly due to the reduction of the negative effect of the inlet jet draft on the area of the
room center.
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Figure 4.67 EDT at y=1.5 for EMP041923ST

Figure 4.68 EDT at y=1.5 for EMP021927ST
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Figure 4.69 EDT at y=1.5 for EMP021523ST
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Figure 4.70 EDT at y=1.5 for EMP021923LC
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Figure 4.71 EDT at x=L75 for EMP021923LC
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Figure 4.72 EDT at y=1.5 for EMP021923UC
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Figure 4.73 EDT at x=1.75 for EMP021923UC

Figure 4.74 EDT at y=1.5 for EMP021923SC
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Figures 4.76 and 4.77 show the thermal comfort zone for the case of
STA021923ST (case o f standing occupant). In this case, the area of thermal comfort is
less than the area of thermal comfort in the standard case. The higher average room
temperature due to added heat source (human body) to the room causes colder sensation
in the lower level and warmer sensation in the upper level.
The area of thermal comfort zone is higher in the next case (STA011923ST) as
shown in Figs. 4.78 and 4.79. Even though this case has a lower ACH compared to the
case of STA021923ST, it has a better overall thermal comfort in the occupied area. The
area of thermal comfort zone in this case is a slightly less than that in the unoccoupied
room case of smiliar condition (EMP011923ST).
The case of higher inlet velocity (STA041923ST) has a much better thermal
comfort zone, as shown in Figs. 4.80 and 4.81, in the upper level compared to the cases
of STA021923ST and STA011923ST. However, the negative effect of the inlet jet
velocity on the thermal comfort is pronounced at the lower levels.
Figures 4.82 and 4.83 show the thermal comfort zone for the case of
STA021927ST. Comparing this case with the unoccupied case of similar condition shows
the effect of the human body (heat source) on the area of thermal comfort. The area of
thermal comfort zone in the room center for the unoccupied case extends from 0.2 m to
1.6 m, while it is from 0.2 m to less than 1.5 m for the occupied case. Also, the area of
discomfort zone in the lower level, due to the inlet jet draft, is bigger in the occupied case
as compared to the unoccupied case.
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Figure 4.76 EDT at y=l.5 for STA021923ST
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Figure 4.77 EDT at x=1.75 for STA021923ST
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Figure 4.78 EDT at y=1.5 for STA011923ST
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Figure 4.79 EDT at x=1.75 for STA011923ST

Figure 4.80 EDT at y=1.5 for STA041923ST

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

100

»aarHsag«a

6'K H W

Figure 4.81 EDT at x=1.75 for STA041923ST

Figure 4.82 EDT at y=1.5 for STA021927ST
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Figure 4.83 EDT at x=1.75 for STA021927ST
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Figures 4.84 and 4.85 show the thermal comfort zone for the case of
SIT021923ST. The area of thermal comfort zone in this case is much bigger than the area
of thermal comfort zone in the standard case (EMP021923ST) and in the STA021923ST
case. In fact, this case and the case of EMP041923ST have the best thermal comfort
zones among all the other thirteen cases.
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Figure 4.84 EDT at y=1.5 for SIT021923ST

Figure 4.85 EDT at x=1.75 for SIT021923ST
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CHAPTER V
CONCLUSIONS
The main goal of this study has been to predict the flow and temperature patterns and
the human thermal comfort conditions in an indoor environment. A commercial CFD
code employing an unstructured grid has been used to achieve this goal for a full-scale
ventilated room. The code has been validated by comparing the numerical results with the
available experimental data. A unique feature of the study is the evaluation of the
interaction between the human body and its surroundings. This has been achieved by
analyzing an unoccupied room and comparing its results with the results obtained for the
room occupied with a human. In order to accomplish this, a realistic 3-D human model is
developed to account for the complex geometry of the human body.
Effects of inlet air velocity, air temperature and vent location on the thermal and
velocity fields and the thermal comfort zones are examined for both unoccupied and
occupied room configurations. Two types of available thermal comfort indices, namely
Effective Draft Temperature (EDT) and Percentage of Dissatisfaction (PD), have been
used to numerically predict zones of the thermal comfort in the room space. It is
established that the thermal comfort index EDT is more suitable for highlighting the
human-surrounding interaction for the displacement ventilation applications.
The effects of the inlet air velocity on the temperature and velocity patterns are very
clearly illustrated in this study. The case of lower inlet velocity shows a well-established
temperature stratification zone as compared to cases with higher inlet velocity. For the
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higher inlet velocity case used in this study, the stratification region is nearly dissipated
and a much larger zone of thermal comfort is established.
The effect of the inlet air temperature on the temperature and velocity fields was also
investigated. The case of lower inlet air temperature shows the establishment of a cold
zone of nearly constant temperature in the lower level (below 1.5 m). On the other hand,
the case of the same Archimedes number as in the previous case but higher wall
temperature shows the establishment of a warm zone of nearly constant temperature in
the upper level (above 1.2 m). However, no significant difference was found when
comparing both cases for the thermal comfort zone inside the room.
Three different vent locations (along with the standard location) were investigated to
see if the position of the vent has any influence on the thermal comfort zone for a person
in the middle of the room. It should be remarked that the temperature and velocity fields
by themselves do not reveal any major effects of vent location for displacement
ventilation application. However, when these effects are combined through a thermal
comfort index such as EDT, their effects become very pronounced. The results of this
study show that the vent location has a significant effect on the size of the thermal
comfort zone.
For the occupied room, five different cases have been studied. Four cases for a
standing person and one case for a person sitting in a chair. For the standing person cases,
the case of higher inlet velocity shows that the thermal comfort zone is established all
around the human body except in the areas surrounding legs (below 0.3 m) and in the
area in front of the upper part of the body (above 1.5 m). On the other hand, the case of
the person sitting in a chair has the largest of thermal comfort envelope in the room as
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compared to other twelve cases. The only thermal discomfort zone for the human body in
this case is in the leg region.
This work demonstrates the feasibility of numerically studying the effects of different
parameters on the indoor thermal environment using thermal comfort indices. For future
work, a more realistic model for incorporation of the human-surrounding interaction is
suggested. In the present study, a constant temperature boundary condition was used on
human body surface. In a more realistic situation the metabolic rate should be specified to
predict the human boundary temperature obtained as a solution of the combined roomhuman body analysis. The present analysis dealt only with sensible heat transfer. Future
study of a combined heat and mass transfer analysis will be more appropriate. There is
also a need to use a comfort index that takes into account sensible and latent heat,
velocity and turbulence effects. Finally, there is a need for optimization that will yield
parameters for highest thermal comfort condition.
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